Preliminary Analysis
Consider a fake shell, surrounding the plasma, which is made up of a uniform two dimensional network of resistors and inductors (see Fig. 1 ). Let A8 and A4 be the angular spacings of rk in the poloidal and toroidal directions, respectively. Here, -y is the growth rate, 6Brpbm(O,#) is the (approximately uniform) radial magnetic field at the loop due to plasma currents, and AA = rw&ABA# is the area of the loop. It is assumed that 6 . & p~~( 6 , 4 ) varies poloidally and toroidally on angular scdes which are much longer than A9 and A#, respectively.
Let SB = V n ($2) V$nE, ( 5 ) where $(r,6,9) is the perturbed poloidal magnetic flux, and q w ( 0 7 
~
The perturbed poloidal flux function $ ( T ) can be written in the form outside the plasma, where &h-(r) is that part of the flux function which is maintained by plasma currents and &hell(r) is that part which is maintained by currents flowing in the fake shell. Both $ p~m s and '&hell are normalized to unity at the network radius. Note that is continuous across the network whereas $&ell has a gradient discontinuity. It is easily demonstrated that It follows from Eqs. 
The Fake Rotating Shell
Consider, for the sake of simplicity, the limit in which the poloidal inductance and resistance of the network are negligible. This limit corresponds to n2r,A+ << m2&A6 if the inductance and resistance per unit length are the same in the poloidal and toroidal directions. Suppose that each loop in the network is accompanied by a high impedance sensor loop of equal area which measures the local rate of change of the magnetic flux escaping through the network (see Fig. 2 ). 
Stabilization of the Resistive Shell M o d e
It is possible to stabilize the resistive shell mode using just the fake rotating shell described 
Summary
In Section 2.2 it is demonstrated that if a tokamak plasma is surrounded by a network of resistors and inductors then the network acts like an incomplete resistive shell as far as its effect on external kink modes is concerned. Section 2.3 shows that a simple f e e d b d scheme applied to such a network causes it to act like a fake rotating shell. It is demonstrated in Section 2.4 that the combination of a stationary shell and a fake rotating shell is able to completely stabilize the resistive shell mode. Some important parameters are calculated in Section 2. 5 for the specific case of a network made up of uniform cylindrical wires. 
The Intelligent Shell

Introduction
It is instructive to compare the stabilization scheme the resistive shell mode which is outlined in Section 2 to the most promising scheme currently in the literature; namely, the "intelligent shell" [5] .
Preliminary Analysis
Consider a shell made up of a two dimensional array of close fitting coils (see Fig. 3 ). Let A0 and A+ be the angular spacings of the centres of the coils in the poloidal and toroidal directions, respectively.
Suppose that a current J,(0,4) flows around the coil, or loop, centred on (6, 4). 
Note that Eq. (51) has the same form as the dispersion relation for an incomplete resistive shell of time constant rw located at radius rw (61. The m/n external kink mode is ideally unstable whenever A, 2 &. The ideal mode escapes through the centres of the loops, so it is not shielded from the region T > r,, as would be the case for a conventional shell.
Feedback
Suppose that each loop in the array (these are termed power loops) is accompanied by a loop of equal area connected to a high impedance voltage sensor which measures the local rate of change of the magnetic flux escaping through the array (see Fig. 4) The modified circuit equation for the power loop centred on (8, 4) is
which gives the dispersion relation where
Thus, the feedback increases the effective time constant of the shell by a factor 1+G. Clearly, if the gain G is made sufficiently large then it is possible to make the effective time constant longer than the pulse length of the tokamak discharge. In this case, the shell acts, to all intents and purposes, like an ideal conductor and is, therefore, able to completely stabilize the external kink mode. Note, however, that stabilization is only possible if the array of coils is located sufficiently close to the plasma to convert the ideal external kink mode into a resistive shell mode; i.e. if Aw < Ac.
Example
Suppose that the intelligent shell is made up of closely interlocking cylindrical conductors (see Fig. 5 ). Let d be the radius of the outer conductor and d -c the radius of the inner conductor, where c/d << 1. Suppose that both conductors possess the same cross sectional area, 6A/2. Consider, for the sake of simplicity, the limit in which the poloidal inductance and resistance of the network are negligible. This limit corresponds to rwA8 << &A4 if the inductance and resistance per unit length are the same in the poloidal and toroidal directions. 
Summary
In Section 3.2 it is demonstrated that if a tokamak plasma is surrounded by an array of unconnected coils then the array acts like an incomplete resistive shell as far as its effect on external kink modes is concerned. Section 3.3 shows that a simple feedback scheme applied to such an array causes its effective time constant to increase. According to Section 3.4, the intrinsic time constant of an array of coils is very much smaller than that of a similar network. Moreover, the inductance of an array is much larger than that of a similar network.
Consequently, it is much easier for an ideal mode to escape through an array of unconnected coils than through a network of interconnected conductors.
Practical Considerations
Introduction
In any feedback scheme the four most important parameters are t,,e gain G of the amplifiers, the bandwidth A f of the signals to which they must respond, the current I which they need to supply, and the power P which they must put out. In this section these parameters are estimated for both the fake rotating shell and intelligent shell concepts.
The Fake Rotating Shell
The gain, G, is defined as the ratio of the voltage generated in a sensor loop to that which is put out into the network by the associated amplifier. It is easily seen from Section 2.3 that It follows from Section 2.4 that the critical gain needed to achieve stabilization of the resistive shell mode is is the time constant of the stationary shell, 72 is the effective time constant of the fake shell produced by the network, E 2 , is the shell stability index for the fake shell calculated in the absence of the stationary shell, and E2, is the critical value of E 2 , above which the ideal external kink mode becomes unstable. It follows from Eqs. (37)-(39) that Here, rl is the radius of the stationary shell and 7-2 is the radius of the network. It is assumed that 71 >> 72 in Section 2.4 so it follows from Eq. (67) that G, >> l/mAB. It also follows that the optimum position for the network is that it should be placed as close as possible to the plasma. Note, however, that if then a mode which co-rotates with the fake shell but does not penetrate the stationary shell, and grows on the relatively fast timescale 7-2, becomes unstable (see Section 2.4). The most sensible position for the network is just outside the stationary shell. In this configuration the critical gain is relatively small, i.e. 
A f m -.
It is easily demonstrated that where F is the critical radius of a perfectly conducting shell surrounding the plasma for which the m/n free boundary ideal external kink mode is marginally stable. It is sometimes convenient to use r', instead of E200, to parameterize the stability of the plasma. Equation (69) can be written It can be seen that the gain, bandwidth, and power requirements of the fake rotating shell concept are extremely modest. The current requirement is more onerous (for instance, each amplifier must supply over 100 amperes in order to stabilize a modest 10 gauss perturbation) and is likely to be the limiting factor for this scheme.
The Intelligent Shell
For the intelligent shell concept the gain needed to stabilize the resistive shell mode is (63) ). This implies that the array acts like a conventional shell whose effective radius is 1 . 2 6~. The amplifier gain required to stabilize the resistive shell mode is G -9 x lo4. The bandwidth of the signal detected by each amplifier is similar to that for the fake rotating shell provided that the intelligent shell lies outside the vacuum vessel. The current which each amplifier needs to supply is I -22 b, A. Finally, the power drawn from each amplifier is P N 13 (br)2W.
It can be seen that the current, bandwidth, and power requirements of the intelligent shell are similar to those of the fake rotating shell. However, the intelligent shell concept requires a large amplifier gain. This is likely to lead to control engineering problem (large gain amplifiers are prone to instabilities) and is certainly the limiting factor for this scheme.
Summary
The gain, bandwidth, current, and power requirements of the fake rotating shell concept lie well within the range of cheap, reliable, and readily available amplifiers. The intelligent shell concept only works with expensive (and unreliable) high gain amplifiers.
Summary and Conclusions
In Section 2 it is demonstrated that a network of conductors surrounding a tokamak plasma acts very much like an incomplete resistive shell as far as its effect on the free boundary external kink mode is concerned. It is further shown that a simple feedback scheme applied to such a network causes it to act like a rotating resistive shell. As is well known 181, the combination of a stationary and a rotating shell can very easily stabilize the resistive wall mode. In Section 3 it is demonstrated that an array of independent coils surrounding a tokamak plasma also acts like an incomplete resistive shell. A simple feedback scheme applied to such an array causes its effective L/R time to increase [5] . In principle, the L/R time could be made longer than the pulse length of the plasma, but this requires extremely high gain feedback. It is shown that a network of interconnected conductors has a significantly longer L/R time than a similar array of unconnected coils. Furthermore, a network is better able to contain an external kink mode than an array. In Section 4 it is demonstrated that the fake rotating shell stabilization scheme outlined in Section 2 can be implemented with low gain, low bandwidth, low current, low power amplifiers.
The feedback gain needed to stabilize the resistive wall mode in the fake rotating shell concept is so low (see Section 4.2) that the required amplification of the signals detected by the feedback circuits could, in principle, be achieved by using multi-turn sensor loops. In other words, the sensor loops shown in Fig. 2 could consist of twenty (say) turns of wire, instead of a single turn (as shown in the figure) . This would automatically amplify the detected signal by a factor twenty, which would probably be sufficient for stabilization of the resistive shell mode. The signal could then be integrated and then fed into the main network.
The primary constraint on the fake rotating shell concept is the fact that the signals detected by the feedback circuits have to be accurately integrated over a long time period (i.e. the pulse length of the discharge). If the integrated signals become inaccurate after some time T, say, then one would expect the resistive shell mode to reappear as a mode growing through both the real and the fake shells on about the timescale T. The need for integration could be completely avoided by using H a l l probes rather than sensor loops for signal detection in the feedback circuits.
There is an interesting difference in the basic stabilization strategy employed by the intelligent shell and the fake rotating shell concepts. In the former scheme, the feedback circuits detect magnetic flux leaking through the vacuum vessel and attempt to push it back through the vessel (i.e. radially inwards). In the latter scheme, the feedback circuits detect flux leaking through the vacuum vessel and attempt to push it sideways (i.e. in the poloidal direction). This has the effect of causing the mode leaking through the vessel to rotate. The mode is then suppressed by eddy currents excited in the vacuum vessel. Thus, in the fake rotating shell concept most of the work is done by the vacuum vessel. This is in marked contrast to the intelligent shell concept, where all of the work is done by the feedback circuits.
Hence, the low gain required by the former concept, and the very high gain required by the latter .
It is important to check that the feedback controlled network described in Section 2, which is central to the fake rotating shell concept, is intrinsically stable. This is done in Appendix C. It is demonstrated that if the fake rotating shell scheme is expected to stabilize resistive shell modes whose maximum poloidal and toroidal mode numbers are m and n, respectively, then the minimum number of network cells in the poloidal and toroidal directions required to achieve this is 2m + 1 and 2n + 1, respectively. Thus, in principle, it is possible to stabilize the 1/1, 2/1, and 3/1 modes simultaneously by using a network consisting of four cells in the toroidal direction and eight in the poloidal direction. That is, a total of thirty two interlinked feedback controlled circuits.
In conclusion, the fake rotating shell concept appears quite capable of stabilizing the resistive shell mode in a long pulse tokamak discharge at relatively low cost using existing technology. This scheme is more reactor relevant than the alternative approach of forcing the plasma to rotate rapidly.
Appendices
A Estimation of Le
Consider the network of wires described in Section 2.5. The current flowing in poloidally directed wires is approximately constant over a poloidal wavelength, rrw/m. Thus, a poloidally directed wire can be approximated as a wire carrying a uniform current provided that the perpendicular distance from the wire is much less than the poloidal wavelength. This approximation breaks down at the Nth wire distant from the wire in question, where
Assuming a uniform phase variation of the poloidal current from wire to wire (since the poloidal wavelength is much less than the toroidal wavelength) the currents flowing in each wire are as indicated in Fig. 6 . Thus, the poloidal inductance of a given network loop can be crudely approximated as N -1 " I ' 
Evaluation of L+
Consider the network of wires described in Section 2.5. In a large aspect ratio tokamak the toroidal wavelength of the m/n mode is much greater than its poloidal wavelength, SO any phase variation of the network currents in the toroidal direction can be ignored. In fact, the system can be treated as a set of infinite toroidal wires each carrying a uniform current whose phase varies slowly from wire to wire in the poloidal direction (see Fig. 7 ).
The toroidal inductance term in Eq. (4) actually represents 
C Network Stability
It is important to verify that the feedback controlled network discussed in Section 2 is intrinsically stable. Consider, for the sake of simplicity, the limit n2rwAq5 << m2&A4 in which the poloidal inductance and resistance of the network are negligible. In the absence of plasma (i.e. 6B,,b,, = 0) the circuit equation ( where k is an integer. Feedback gives rise to enhanced damping of modes for which a # k7r.
The feedback also causes the modes to propagate; i.e. it causes the network to act like it is rotating. However, the network appears non rotating to all modes whose poloidal wavelength divided by an integer equals twice the poloidal wavelength of the network. Such modes satisfy (C.13)
where k is an integer.
According to the main text, the network is only capable of stabilizing a given resistive shell mode if it appears to possess a positive (i.e. non zero) inductance and a non zero effective rotation velocity to a mode with that poloidal wavelength. This is guaranteed to be the case if 7r a < -
'
Suppose that the network is required to suppress all resistive shell modes whose poloidal wavenumbers lie in the range 1 through m. According to Eq. (C.14), the minimum number of network cells in the poloidal direction needed to achieve this is 
